Background: Oxaliplatin (OXA) resistance is a main obstacle to the chemotherapy of colorectal cancer (CRC). Epithelial-mesenchymal transition (EMT), which is mainly regulated by TGF-β/Smad signaling pathway, has gradually been recognized as an important mechanism for tumor chemoresistance. Studies have shown that curcumin regulated EMT processes in many human cancers. However, whether curcumin could regulate OXA resistance in CRC through modulating TGF-β/Smad signaling-mediated EMT remains unclear. Methods: In an attempt to investigate the effect of curcumin on OXA resistance in CRC, OXA-resistant cell line HCT116/OXA was established firstly. The effect of curcumin on cell proliferation was evaluated by MTT assay and Ki67 immunofluorescence staining, respectively. Cell apoptosis was evaluated by flow cytometry. In addition, transwell assay was used to detect the effect of curcumin on cell invasion and the activation of TGF-β/Smad signaling was examined by immunofluorescence and Western blot. Moreover, the therapeutic potential of curcumin was further examined in vivo using a CRC animal model. Results: The OXA-resistant cell line HCT116/OXA was successfully established, and combination of OXA with curcumin reduced OXA resistance in vitro. Besides, the combination treatment inhibited the expressions of p-p65 and Bcl-2, but increased the level of activecaspase3. In addition, curcumin inhibited EMT via regulation of TGF-β/Smad2/3 signaling pathway. Moreover, in vivo study confirmed curcumin could reverse OXA resistance in CRC. Conclusion: Our study indicated that curcumin could reserve OXA resistance in CRC through dampening TGF-β/Smads signaling in vitro and in vivo.
Introduction
The 2018 American Cancer Society (ACS) report shows that there are more than 1 million new cases of colorectal cancer (CRC) annually, with a mortality rate close to 33%. 1 The age-standardized incidence rate of CRC in China is 27/100,000, and that of women is 23/100,000; the incidence rate is increasing at an annual rate of 4.2%. 1 The National Comprehensive Cancer Network (NCCN) guidelines recommend that patients with advanced colon cancer take a combination of surgery-based and chemotherapy-based treatments. The 2017 NCCN Guidelines established the FOLFOX and CapeOX regimens containing oxaliplatin (OXA) as first-line chemotherapy. However, studies have shown that the median disease-free survival and overall survival of advanced patients with standardized treatment regimens were only 10.3 months and 23.7 months, respectively. 2 The main reason for the poor prognosis is the acquired chemoresistance of tumor cells, which occurs about half of patients with late-stage CRC receiving chemotherapy. 3 In addition, neuropathy is a major limitation to the continued administration of OXA. Therefore, identifying key molecules responsible for tumor chemoresistance is of great importance for improving the efficacy of chemotherapy drugs for patients with CRC. Curcumin is a naturally occurring polyphenolic substance extracted from the curcumaceae plant Curcuma longa and is often used as flavoring agent or pigment. 4 Curcumin has been proven to have anti-inflammatory and anti-tumor effects as a traditional Chinese medicine extract. 4 The anticancer effect of curcumin is mainly achieved by its negative regulation of various inflammatory cytokines, growth factors, transcription factors, protein kinases and other carcinogenic molecules. [5] [6] [7] Recently, curcumin is reported to have the ability in reducing the chemoresistance of tumor cells. 8, 9 However, the detailed mechanisms underlying the effect of curcumin on chemoresistance remain poorly understood. TGF-β belongs to transforming growth factor-β (TGF-β) superfamily which contains many growth factors, growth differentiation factor (Growth and differentiation factors, GDFs) and bone morphogenetic proteins (BMPs). 10 Receptor dimers composed of TGF-βRI and TGF-βRII then lead to the phosphorylation of R-Smads proteins (Smad1, 2, 3, 5, 8) , which enter into nucleus together with Smad4 and leading to the transcription of downstream genes. 11 In recent years, TGF-β has been found to be an important inducer of Epithelial-mesenchymal transition (EMT). 12 Recent studies have reported that curcumin downregulated TGF-β/Smads signaling in many human diseases. [13] [14] [15] Therefore, we hypothesized that inhibition of TGF-β/Smad2/3 signaling pathway may be an important mechanism for curcumin to reverse OXA resistance in CRC. 
Materials and methods

Trypan blue staining
HCT116/OXA cells were centrifuged for 15 mins at 1000 g and resuspended in PBS. After that, cell suspension (90 μl) was mixed with 0.4% trypan blue staining buffer (10 μl) for 5 mins. Then, the number of cells was counted with a microscope. Living cells were colorless, while dead cells were stained blue.
Cell apoptosis assay
To detect cell apoptosis, Annexin V-FITC apoptosis detection kit (Beyotime, Jiangsu, China) was used according to the protocol. Cells were harvested and stained with annexin V-FITC (5 μL) and propidium iodide (PI, 5 μl). Then, the cells were incubated in dark at room temperature for 20 mins. Cell apoptosis rate was assessed by flow cytometry (Becton, Dickinson and Company, Franklin Lake, NJ, USA).
Immunofluorescence staining assay 
Transwell assay
For cell invasion analysis, transwell assay was performed in this study. The upper chamber is pre-treated with 100 μl of Matrigel and exposed to UV light for 2 hrs. Cells were seeded into the upper chamber in serum-free medium, and the density was adjusted to about 1.0×10 6 cells per chamber. RPMI1640 medium with 10% FBS was added in the lower chamber. Then, these chambers were incubated for 48 hrs at 37°C, and stained the lower chamber with 0.1% crystal violet and counted the cell images under a microscope (LEICADMLB2, Frankfurt, Germany).
Western blotting assay
Total protein was extracted using RIPA plus buffer. Animal study BALB/c nude mice (6-8 weeks old, 20±2 g weight) were obtained Vital River (Beijing, China). HCT116/OXA cells were transplanted subcutaneously into the right flank in each mouse according to the previous research. 16 The mice were housed in pathogen-free conditions until the tumor volume reached~200 mm 3 . National Institutes of Health guide for the care and use of laboratory animals was followed by us. Then, the mice were divided into four groups (six mice per group) and daily administrated by i. p. injection with vehicle [PEG400: ethanol: dextrose 5% in water (D5W)=4: 1: 5, to dissolve curcumin, vehicle group], daily; i.p. injection with 10 mg/kg OXA weekly (OXA alone group); i.p. injection with 60 mg/kg curcumin (curcumin alone group) daily; i.p. injection with 10 mg/kg OXA and 60 mg/kg curcumin (OXA + curcumin alone group) for 3 consecutive weeks. The tumor volume was calculated weekly according to the reference. 17 Mice were sacrificed in 3 weeks using CO 2 , and the tumor weight was calculated. These animal experiments were performed following a protocol approved by the Ethics Committees of Shanghai Luodian Hospital.
Statistical analysis SPSS 22.0 statistical software (Version 22.0 SPSS, Chicago, IL; USA) was performed for statistical analysis. Data were represented as mean ± standard deviation (SD). All experiments were repeated at least in three times. The comparison between two groups was analyzed by Student's t-test. Comparisons among multiple groups were made with one-way analysis of variance (ANOVA) followed by Dunnett's test. P<0.05 was accepted as a statistically significant difference.
Results
Establishment of HCT116/OXA cell line and optimization of combination strategy
The chemical structure of curcumin was shown in Figure 1A .
To explore the effect of OXA or/and curcumin on CRC cell growth, MTT assay was performed. The results indicated that HCT116/OXA was more resistant to OXA than parental HCT116 cells ( Figure 1B Figure 1C ), and thus this concentration was used in the following experiments unless otherwise stated. Notably, curcumin dose-dependently enhanced OXA-induced growth inhibition in HCT116/OXA cells ( Figure 1D , Table 1 ). Moreover, the result of trypan blue staining indicated 8 μM curcumin combined with 4 μM OXA significantly induced HCT116/OXA cell death, compared with 4 μM OXA alone ( Figure 1E and F) . Additionally, the results obtained from SW480 cells were consistent with that of HCT116 cells (Figure S1A-D). All these data suggested curcumin reduced the chemoresistance of CRC cells to OXA.
Curcumin increased OXA-induced growth inhibition in HCT116/OXA in vitro
Next, we explored if curcumin could reverse the resistance of HCT116/OXA cells to OXA. Flow cytometry results showed that although OXA treatment only induced moderate cell apoptosis, combination treatment significantly enhanced the sensitivity of HCT116/OXA cells to OXA. In addition, curcumin alone did not cause obvious cell apoptosis (Figure 2A and B). In Ki67 immunofluorescence staining assay, OXA-induced growth inhibition was also reversed by curcumin ( Figure 2C and D) . Furthermore, combination of curcumin with OXA notably decreased the migratory ability of HCT116/OXA cells ( Figure 2E and F). Collectively, these results indicated that curcumin sensitized HCT116 cells to OXA treatment.
Curcumin downregulated the expressions of p-p65 and Bcl-2 and upregulated the level of active-caspase3
Previous reference reported that curcumin reverses the resistance of CRC to OXA by inhibiting NF-κB pathway. 18 Indeed, as shown in Figure 3A proteins Bcl-2 and active-caspase3 were not obviously changed in OXA-treated HCT116/OXA cells, their levels were significantly reduced by the combination treatment. In contrast, the level of cleaved-caspase3 in HCT116/OXA cells was significantly increased by OXA plus curcumin. However, curcumin alone did not have an obvious effect on the levels of p-p65, Bcl-2 and cleaved-caspase3 ( Figure 3A-D) . Therefore, we suggested combination of OXA with curcumin notably inhibited the pro-survival signaling in HCT116/OXA cells.
Curcumin reversed EMT through dampening TGF-β/Smad2/3 pathway
To explore the impact of curcumin on EMT, the levels of phosphorylated Smad2 (p-Smad2), phosphorylated Smad3 (p-Smad3), E-cadherin and N-cadherin in cells were measured. As shown in Figure 4A -E, the levels of p-Smad2, p-Smad3 and N-cadherin were markedly decreased, while E-cadherin level was increased by curcumin (alone or in combination with OXA). Furthermore, immunofluorescence staining indicated that Smad4 was evenly distributed throughout the cytoplasm and nucleus in control and OXA-treated HCT116/OXA cells. However, curcumin treatment induced apparent cytoplasmic localization of Smad4, indicating an inhibition of TGF-β signaling ( Figure 4F ). Meanwhile, TGF-β was used to confirm the impact of curcumin on TGF-β pathway. As indicated in Figure 5A and B, the inhibitory effect of curcumin plus OXA on the growth of HCT116/OXA cells was completely abolished in the presence of TGF-β. The data of apoptosis assay were consistent with trypan blue staining ( Figure 5C and D). All these data suggested that curcumin could reverse EMT through downregulating TGF-β/ Smad2/3 signaling pathway in HCT116/OXA cells.
Curcumin reduced OXA chemoresistance in CRC by inhibiting Smad2/3 pathway in vivo
Finally, we investigated the effects of curcumin on OXA chemoresistance in CRC by using HCT116/OXA xenograft mode in vivo. As shown in Figure 6A -C, the tumor volumes and weights were significantly reduced in mice administered with OXA plus curcumin than those administered with vehicle, OXA or curcumin alone. Consistent with this finding, the levels of p-Smad2 and p-Smad3 in tumor tissues were reduced in mice administered with OXA plus curcumin, compared with those administered with OXA alone (Figure 6D-G) . Collectively, curcumin significantly sensitized CRC to OXA treatment by inhibiting Smad2/3 pathway in vivo. 
Discussion
Tumor cell resistance to chemotherapeutic agents is a major cause of chemotherapy failure. 19 Drug reversal of tumor multidrug resistance is an important strategy to improve the sensitivity of chemotherapy drugs, but many reversal agents such as cyclosporine A and verapamil have obvious adverse events which largely restrain their clinical application. [20] [21] [22] Curcumin has the advantages of less adverse reactions, regulation and improvement of the body's immune function, more targets, long-term application without obvious adverse events and reversal of multidrug resistance of tumors. 23 However, the mechanisms by which curcumin reversed the resistance of CRC to OXA remain unclear.
Curcumin is a major active ingredient such as turmeric and medlar, and has a wide range of anti-cancer effects.
Previous studies have found that curcumin can enhance the killing effect of various chemotherapy drugs on tumor cells. 24 In lung cancer, curcumin combined with Sulfinosine can induce apoptosis of drug-resistant nonsmall cell lung cancer cell lines more effectively. 25 Another study showed that curcumin can enhance the chemotherapy effect of 5-fluorouracil (5-FU) and OXA on CRC cell lines HTC116 and HT29 by inhibiting the expression of epidermal growth factor receptor and insulin-like growth factor receptor. 26 In gliomas, curcumin combined with cisplatin and doxorubicin is beneficial to enhance the death of meningioma cells. 27 In addition, curcumin has the property of reversing multidrug resistance of tumors. increase the accumulation of paclitaxel-targeted tumor cells, thereby promoting paclitaxel-induced MCF-7/ADR apoptosis. 28 Our results showed that combination of OXA with curcumin significantly inhibited proliferation and invasion, while promoted apoptosis in HCT116/OXA cells. The results of this study suggested that curcumin could reduce OXA resistance in CRC cells. Compared with the conventional reversal agents, curcumin has the advantages of small adverse reactions, low toxicity, good safety, low price and easy availability. However, its main limitation is rapid system elimination, decreased viability at alkaline pH and limited oral bioavailability. 29 Therefore, in order to overcome these limitations, how to increase its water solubility, stability, oral bioavailability and control and targeted administration will be further studied. EMT has gradually been recognized as a new and important mechanism of tumor resistance. Tumor cells have a tendency to be interstitial in the process of producing acquired drug resistance, and tumor cells with their mesenchymal differentiation state are often characterized by primary drug resistance. 30 EMT phenomenon was observed in cisplatin-resistant ovarian cancer cell lines/ pancreatic cancer cell lines, adriamycin-resistant breast cancer cell lines and OXA-resistant CRC cell lines. [31] [32] [33] Therefore, EMT may be a useful molecular marker and a new therapeutic target for patients with CRC who are resistant to neoadjuvant chemotherapy. Studies have shown that curcumin can regulate EMT processes in liver cancer, oral cancer, breast cancer and pancreatic cancer through different mechanisms. 14, [34] [35] [36] Activation of the NF-κB signaling pathway can induce the development of EMT and promote the invasion and metastasis of tumor cells. Previous studies have reported that curcumin reversed OXA resistance in CRC by inhibiting p-p65, a key molecule in the NF-κB signaling pathway. 18 Similar to this study, we also found NF-κB signaling was inhibited in the presence of curcumin. In addition to NF-κB signaling, the results of current study demonstrated that curcumin treatment inhibited OXA resistance in CRC by inhibiting TGF-β/Smad/EMT pathway in vitro and vivo. In the process of tumorigenesis and development, TGF-β plays a two-way role in initial tumor suppression and tumor promotion in the middle and late stages. 37 In recent years, TGF-β has been found to be an important inducer of EMT, and EMT is regulated by Smad and nonSmad signaling pathways. 12 TGF-β signaling pathway is involved in the development of chemotherapy drug resistance in CRC. The study found that TGF-β signaling pathway plays a key role in adriamycin-resistant colon cancer cells, and inhibition of TGF-β reverses EMT, thereby enhancing the sensitivity of colon cancer cell HCT116 to doxorubicin. 38 Smad4 plays an important role in TGF-β-induced EMT. Studies have shown that Smad4 as a central component of EMT transition in human CRC to downregulate E-cadherin expression. 39 Similar to these findings our data indicated that curcumin significantly inhibited Smad4 entry into the nucleus.
In conclusion, based on cell studies and a mouse model, this study provides a scientific evidence that combination of OXA with curcumin could be an appropriate strategy to inhibit OXA resistance in CRC. The novelty of current study is the finding curcumin reversed OXAacquired resistance by inhibiting Smad/EMT pathway. This study provides a scientific basis for revealing the target of curcumin in reversing the drug resistance of CRC to OXA.
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